The processes considered are : leaching, delayed consolidation, exchange of cations on clay minerals, and bonding of the clay structure by precipitation of cementing agents.
The process of delayed consolidation is dealt with in detail.
It is demonstrated that delayed consolidation leads to the development of a reserve resistance against compression under additional loads.
A diagram is presented which permits a qualitative evaluation of the settlements of the buildings founded on clays exhibiting delayed consolidation.
The general validity of the concepts presented is demonstrated by the settlements of four buildings constructed on a layer of plastic clay.
L'article passe en revue les divers processus geologiques qui se produisent a la longue dans les argiles marines norvegiennes normalement consolidees et qui menent Q des changements des proprietes geotechniques.
On Porte la plus grande attention aux changements de compressibilite et l'effet des divers processus discutds sont illustres par une sCrie de releves de tassements de batiments a Drammen, ville sit&e a 40 km au sud-ouest d'Oslo.
Les processus consider& sont: le delavage, la consolidation retardee, l'echange de cations dans les mineraux argileux et la liaison de la structure argileuse par la precipitation des agents de cimentation.
On traite en detail du pro&de de consolidation retardee.
On demontre que la consolidation retardee am&e au developpement d'une resistance de reserve centre la compression sous des charges additionnelles.
On presente un schema permettant une evaluation qualitative des tassements des bltiments a fondations sur des argiles revClant une consolidation retardee.
La validite g&&ale de la conception presentee est demontree par les tassements de quatre batiments construits sur une couche d'argile plastique.
INTRODUCTION
I would like to express my sincere gratitude to the British Geotechnical Society for the great honour of asking me to present the Seventh Rankine Lecture, and I wish to thank Dr Ward for his extremely kind remarks.
Since rock and mountains constitute 70% of Norway's land area, the great majority of the 3.7 million population lives on a narrow strip of loose sediments fringing the mountains along the shoreline of the country. These sediments are often so soft and unstable that successful and economical development of this part of the country is strongly dependent on the fact that full benefit be made of the assistance offered by the science of soil mechanics. Realization of this fact caused the Norwegian Geotechnical Institute to be established in 1953 with the dual purpose of carrying out research and giving practical advice to civil engineers concerning their design and construction problems.
Shortly after the Institute was established, it was decided to concentrate the research on foundations of buildings in Drammen, a town of 47 000 inhabitants located about 40 km south-west of Oslo where the Drammen River flows into the Drammensfjord (see Fig. 1 ). Drammen is known for its soft clay, and the settlements of the existing buildings are so large that the effect of the poor foundation conditions can be observed at a glance. In addition, the soil conditions are so uniform over large areas of the town that the behaviour of different types of foundations can be directly compared. Since 1953 the Institute has worked in close co-operation with the consulting engineers and the Municipality of Drammen as geotechnical consultant for the construction of a number of buildings, The behaviour of the buildings was observed during construction and the subsequent settlements were measured. In this way a considerable amount of data was accumulated. In this lecture we will first review the geotechnical properties of the soft clays in Drammen as they supposedly were shortly after deposition, but most of the time will be devoted to a study of all changes in properties which have occurred since then, and the effect of these changes on the foundation conditions will be illustrated by examples from practice.
GEOLOGICAL HISTORY AND GEOTECHNICAL PROPERTIES OF THE DRAMMEN SEDIMENTS
About 20 000 years ago the climate became milder and Norway started to emerge from the huge ice-sheets which covered the Scandinavian peninsula during the last Pleistocene glaciation. At that time the country was still depressed under the tremendous weight of the glaciers. Simultaneous with the withdrawal of the glaciers, the underlying rock became unloaded and, consequently, an isostatic crustal rebound of the previously glaciated areas took place. In the Drammen area, the land elevation which has occurred since the glaciers retreated from the valley about 10 000 years ago, amounts to 205 m relative to present seawater level, and is still proceeding at a rate of about 30 cm per century (see Fig. 3 ). When the glaciers withdrew from the valleys they occupied, they left nothing behind them except the bare ice-polished rock, here and there covered with a blanket of morainic material ; all SEVENTH RANKINE LECTURE 85 residual soil and loose rock, pre-dating the Pleistocene, had been removed by the slowly creeping ice masses. As the glaciers retreated, rivers of melt-water discharged large quantities of sand, silt and clay into the fjord at the front of the ice-sheet. Due to the depression of the area there was free communication between the Atlantic Ocean and the inner reaches of the Oslofjord and, consequently, the water into which the sediments were discharged was salt. When minute flake-shaped clay particles precipitate in salt water they are electrically charged and have a tendency to flocculate, i.e. to stick together, edge to face, with the result that clay, silt and fine sand settle at an equal rate without any separation and the sediment formed consists of clusters of particles with a very loose cardhouse-like structure.
The late-glacial clay which filled the bottom of the valley (see Fig. 3 ) is therefore fairly homogeneous and of relatively low plasticity.
As the country gradually rose above the sea level, the valley took on, to an increasing degree, the character of a narrow fjord with only limited communication with the ocean. The climate again became milder and this is the beginning of the post-glacial period which extends to the present day. The glaciers had by now retreated so far that only the finer material, silt and clay, was transported down to the lower part of the valley. The post-glacial clay layers which were now deposited therefore show a somewhat higher plasticity than the underlying clay, and in addition they contain a certain content of organic matter as a result of the increasing biological life of the period.
The isostatic upheaval continued in the post-glacial period and gradually the character of the landscape changed from that of a fjord to that of a valley with a river flowing in the sediments. The uppermost silt and sand blanket overlaying the clay deposits in Drammen dates back to this period. The sand originates from a terminal moraine, the remains of which can still be seen some distance upstream.
Knowledge of the rate of isostatic upheaval of the country (Hafsten, 1959; Kenney, 1964) enables us to determine the time at which the terminal moraine was raised above the water level and at which the river started to erode it and deposit the sand in the lower valley. This was about 3000 years ago. This was the final stage of deposition. The deposits now rose above the sea level to become dry land. The lower area of Drammen which is considered in this Paper actually emerged from the sea as late as 1000 years ago. The clays deposited in the manner described have never been subjected to loads greater than the present overburden, and are thus normally consolidated.
In the remaining part of this lecture we will trace the various types of changes which have occurred in the interval between the period of deposition and the present day. For the sake of comparison we are interested, therefore, in knowing the geotechnical properties of a normally-consolidated clay which has undergone no, or only minor, changes, and for this purpose a geotechnical profile showing the properties of the lower clay of low plasticity has been selected. It is believed that the changes which this clay has experienced since deposition are so slight that their effect on the geotechnical properties is insignificant. Fig. 4 shows the geotechnical profile through this clay.
At the site of the boring shown in Fig. 4 , the upper sand layer is missing and the plastic clay is located just beneath the surface, where it has been subjected to desiccation and has been converted into what is commonly known as 'drying crust'.
Below the plastic clay we find the 25 m thick deposit of lean marine clay. The geotechnical data of this clay, presented in Fig. 4 , provide us with an example of the characteristic properties of a normally-consolidated marine clay.
In the first place, its relatively loose structure can be observed from the fact that the water content is relatively high, and throughout the profile is approximately equal to the liquid limit.
In the second place, the undrained shear strength of the clay is very low. Immediately below the drying crust, the shear strength measured by vane tests is as low as 1 ton/sq. m. In addition, it is directly observed that the undrained shear strength increases linearly with depth or, in other words, the undrained shear strength increases proportionally with the effective overburden pressure. This is one of the most characteristic properties of normallyconsolidated clays. The ratio between the undrained shear strength and the effective overburden pressure, the s,/p ratio, is a characteristic property of a clay and, as shown by Skempton (1948) , is dependent on the plasticity of the clay. If the s,/p ratio for different clays is plotted against the plasticity index, the points will fall on a single curve as shown on Fig. 5 and, from this correlation, we can conclude that the greater the plasticity, the higher the undrained shear strength of a clay.
The third characteristic property of the normally-consolidated clays is their high compressibility.
If an undisturbed sample is placed in a consolidometer and gradually subjected to increasing loads, we can determine experimentally the compressibility of the clay for the conditions of no lateral strain. Fig. 6 shows the result of such a test, in which the equilibrium void ratio is plotted against the logarithm of the vertical pressure. The consolidation curve consists of a recompression curve which at a pressure, p,, equal to the overburden pressure of the sample in the field, bends into the virgin compression curve. The virgin consolidation curve represents the compression of the clay for additional loading and is approximately a straight line when plotted against the logarithm of the pressure.
If a normally-consolidated clay is consolidated under an increasing load, the shear strength will increase proportionally with the consolidation pressure, as mentioned above. If, therefore, in a conventional e-log p diagram the logarithm of the shear strength is plotted against the void ratio, the points will fall on a straight line running parallel with the virgin consolidation line, as shown on normally-consolidated clay, that is, that the modulus of compressibility, l/mV, and the shear strength of the clay both increase proportionally with the consolidation pressure.
EFFECT OF LEACHING
The picture presented above of the properties of a normally-consolidated clay is, strictly speaking, only valid for sediments which are relatively young from a geological point of view. As soon as a clay sediment has consolidated under its own weight, the clay can be classified as a normally-consolidated clay. But now it enters the second stage of its life in which a number of factors come into play which can lead to significant changes in properties from an engineering point of view. In this lecture several such geological factors will be discussed.
The first factor which will be considered is the effect of leaching caused by a slow flow of fresh water through the marine sediments.
In order to illustrate this process, let us return to the cross-section through the Drammen valley (Fig. 7) which shows the typical geological setting of clay sediments deposited on rock slopes which rise high above the floor of the valley.
The leaching process
The pore pressures in the sediments were originally in equilibrium at values which increased hydrostatically with depth or which corresponded to a very small upward gradient. The gradual elevation of the rock slopes and the sediments above sea level resulted in a change in the ground water conditions leading to an increase of the upward gradient. The pore water pressures at the bottom of the sediments stayed at values higher than those corresponding to the ground water level in the upper sand. This artesian condition may be the result of a pervious layer between rock and the clay sediments, but in many cases it originates in the presence of cracks and fissures in the rock which communicate with 'free ground water' at a higher elevation in the rock slope. The result of the artesian condition is that the clay sediments are subjected to a slow upward tlow of water. The rate of flow will be greatest where the depth to rock is small, but it will also be greatly influenced by the presence of sand and silt layers in the sediments.
A slow flow of water through a clay will not in itself cause any changes in its geotechnical properties, but in this case the percolating water is fresh water, whereas the water confined in the voids of the clay is salt water. The flow therefore results in a gradual exchange of the salt water in the voids with fresh water and such leaching of a marine clay has an almost dramatic effect on the properties of the clay. It transforms the ordinary normally-consolidated clay into a 'quick clay'.
North of the river on the cross-section through the Drammen valley in Fig. 7 , the shaded zone indicates a region in which leaching has proceeded so far that the clay has been converted to a quick clay. Fortunately, results are available from two borings, A and B, of which A passes through the unleached clay layers and B passes through the same clay layers, but within the zone where leaching is so advanced that the clays have been changed to quick clays. By comparing the two borings in Fig. 7 we can readily appreciate the effect of leaching on the geotechnical properties of the clay.
In the first place, desalination has produced a reduction in the plasticity of the clay. As an example, the liquid limit of the upper plastic clay has been lowered from 48% to 37%.
The water content of the clay has, however, remained practically unaltered during the leaching process and the water content is now considerably higher than the liquid limit. A clay with a water content much higher than the liquid limit will obviously have the consistency of a liquid in the remoulded state, and it is this significant property which has given the leached clays the name of quick clays. The sensitivity of the clay, defined as the ratio of undisturbed to remoulded shear strength, has increased from a value of S-10 in boring A to a value of 200300 in the leached zone in boring B. Secondly, leaching has caused a reduction in the undrained shear strength.
The undrained shear strength determined by vane tests in the leached zone in boring B is only 50% of the shear strength of the unleached clay in boring A.
Thirdly, leaching has produced an increase in the compressibility of the clay. It goes almost without saying that the structure of a quick clay is so unstable that even small additional loads will cause a large reduction in water content.
The increase in compressibility resulting from leaching is illustrated in principle in Fig. 8a . In the diagram of void ratio against the logarithm of the effective overburden pressure we are able to follow the different stages : sedimentation, when the overburden increased gradually ; isostatic uplift leading to a slight decrease of the effective vertical stress due to the increased pore pressures; and finally, leaching during which a very small, if any, reduction in water content may have occurred. If, after leaching, the clay is subjected to additional loading, the reduction in water content will be large for small load increments and it is only after a considerable reduction in water content that the compressibility decreases to 'normal' values consistent with the low plasticity of the quick clay. The e-log 9 curve for a quick clay is not a straight line, but a curve which starts with a steep section for loads exceeding 9,.
The changes in undrained shear strength are also shown in Fig. 8a . The ratio of undrained shear strength to effective overburden pressure is typically of the order of 0.160.25 in the unleached clay, but in the leached clay it has been reduced to a value of 0.09412. Figure 8b shows the result of a consolidation test in which the geological history of a leached clay is simulated in the laboratory.
An undisturbed salt clay was gradually loaded in a consolidometer until the vertical pressure was 5.6 ton/sq. m. The sample was then sub- jetted to a slow flow of fresh water until the salt concentration of the pore water had been reduced from 21 g/l to 1 g/l. The clay was then subjected to an additional loading. In the figure, the consolidation curve for the leached clay is compared with a curve obtained from a test on an identical sample which was not leached, clearly illustrating the increase in compressibility resulting from the leaching.
Foundations OH quick clay
From the point of view of foundation engineering, quick clays constitute some of the most troublesome soil conditions. Not only are they extremely soft and very compressible, but their high sensitivity makes them difficult to handle in excavations. Unfortunately, the central part of Drammen is located north of the river near the rock ridge where the clays have been changed to quick clays, see Fig. 1 . The result on the buildings is evident. The relatively low but rather heavy masonry buildings that were constructed between 50 and 100 years ago show settlements which in many cases exceed 0.5 m (Engh, 1962) . 
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Such an example is the old town hall of Drammen shown in Fig. 9 . It was built in 1870 of red bricks with heavy walls and two low towers (see Fig. 12 ). The net foundation load varies between 6 ton/sq. m under the main building and 18 ton/sq. m under the towers. The foundation is placed on a raft of crossed timbers which rests directly on top of the clay. Recent borings have shown that below a 3 m thick drying crust we find the postglacial plastic clay, and below a depth of about 7 m the lean clay extends to a depth of about 25 m. As seen from the profile in Fig. 9 , the clay layers are quick to a depth of about 17 m, the water content being far in excess of the liquid limit, the sensitivity so high that it could not be measured, and the undrained shear strength in places as low as 0+0.5 ton/sq. m. Settlements have only been recorded during the last few years, but on the basis of a study of the building and the soil conditions, the settlement of the tower has been estimated at about 90 cm. The differential settlements are of the order of 40 cm and the building has obviously suffered considerable damage.
The use of driven piles is an obvious means of reducing settlements, but in the central part of the town the settlements of the surroundings, caused by the displacement of the piles, are normally so large that the applicability of this method is very limited.
To illustrate this effect, the case of Norge-bygget a in Drammen will be described, see Fig. 10 . Since the proposed site for the building was so close to the steep bank of the river and, in addition, the upper sand here had a high content of organic material, it was decided to carry the building on 23 m long spliced wooden piles acting as friction piles in the clay. Today, twelve years after completion of the building, the settlement is 12 cm but, as seen in the settlement diagram, driving of the piles has caused the surroundings to settle by about S cm. 
Soil mechanics can only provide a solution to the problems involved in foundations on quick clays by taking into full account the instability of the structure of the clay. Acknowledgement of this fact led to the application of 'floating' or 'compensated' foundations, designed such that the weight of the excavation is equal to the weight of the building.
In 1954, in co-operation with the consulting engineers, the Institute introduced the principle of compensated foundations for buildings in the central part of Drammen, and since then the principle has found widespread application. The problem involved in its use in Drammen is that the quick clay is at many sites so soft that an excavation will fail by a bottom heave at a depth of about 3 m. In order to successfully compensate a 4-5 storey building and at the same time maintain a reasonable safety factor against a shear failure in the clay below the bottom of the excavation, it has in general proved necessary to carry out the excavation and pour the foundation raft in small sections.
Figs 11 and 13 show an example of a compensated foundation in the centre of Drammen. Werring-gaarden3 was constructed in 1956 at a site where the clay is quick and the shear strength is lower than 1 ton/sq. m to a depth of 20 m. The settlement of the building is 4 cm, equal to the elastic rebound observed during excavation.
Werring-gaarden is only one of several examples of successful application of the principle of compensated foundations on quick clays in Drammen, all of them showing settlements smaller than 5 cm (Bjerrum, 1964) . When one takes into consideration the extremely poor soil conditions in the central part of Drammen and the small settlements experienced, it is easy to understand that the method of compensated foundations has now been generally adopted.
EFFECT OF DELAYED CONSOLIDATION
The next factor to be considered will here be called delayed consolidation. Obviously the individual clay layers suffered tremendous settlements as the deposit was gradually built up and they became loaded with the increasing weight of the overburden sediments. Settlement continued, however, after the excess pore pressures set up during deposition had dissipated and the clay structure effectively supported the overburden pressure. This settlement which occurs under constant effective stress, and in some clays continues for thousands of years, is due to what might be called delayed or secondary consolidation.
Efect of time on compressibility
The compressibility characteristics of a clay showing delayed consolidation cannot be described by a single curve in an e-log p diagram but require a system of lines or curves as illustrated in Fig. 14. 4 Each of these lines represents the equilibrium void ratio for different values of effective overburden pressure at a specific time of sustained loading. Consolidation tests have shown that the system of lines is approximately parallel (Taylor, 1942 ; Crawford, 1965) , indicating that the rate of delayed consolidation is about the same throughout a homogeneous deposit or, as the lines are actually slightly curved, it decreases slightly with increasing overburden pressure.
The diagram in Fig. 14 is believed to represent a unique relationship between void ratio, overburden pressure and time. This means that to any given value of the overburden pressure and void ratio there corresponds an equivalent time of sustained loading and a certain rate of delayed consolidation, independent of the way in which the clay has reached these values.
The volume change which has occurred in a clay sediment can thus be divided into two components : (a) an 'instant compression' which occurred simultaneously with the increase in effective pressure and caused a reduction in void ratio until an equilibrium value was reached at which the structure effectively supported the overburden pressure; (b) a 'delayed compression' representing the reduction in volume at unchanged effective stresses.
The two new terms 'instant' and 'delayed' compression clearly describe the reaction of the clay with respect to an increase in the efective stresses. They are contrary to the wellknown expressions, ' primary ' and ' secondary ' compression, which separate the compression into two components occurring before and after the excess pore pressures have dissipated.
In order to clarify the definitions, Fig. 15 shows how the compression of a clay layer develops with time if loaded with a suddenly-applied uniformly-distributed pressure.
The dotted curve shows the reaction of the soil structure that would occur if the pore water in the voids of the clay were incapable of retarding the compression, and the applied pressure were transferred instantaneously to the clay structure as an effective pressure.
This curve defines the
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' instant ' and the ' delayed' compression.
Due to the viscosity of the water, the effective stresses will increase gradually as the excess pore pressures dissipate and compression will occur along the fully-drawn curve.
As the time required for dissipation of the excess pore pressures is dependent on such factors as the thickness of the clay layer, its permeability and the drainage conditions, separation of the compression into a primary and a secondary contribution is rather arbitrary, and this division is unsuited to describe the behaviour of the soil structure with respect to effective stresses.
In Fig. 14 an additional curve is shown representing the undrained shear strength that can be mobilized at a given void ratio.
Combining this line with any of the compression curves gives directly the shear strength which we would measure, for instance by vane tests, at the various depths of the sediment at any given time after sedimentation.
Similarly, it represents the gain in shear strength at any given depth occuring as a result of the reduction in void ratio during delayed consolidation.
There is ample evidence to verify that the shear strength of a plastic clay increases as the void ratio decreases during delayed consolidation.5
The unique relationship between undrained shear strength and void ratio postulated in Fig. 14 is, however, only a working hypothesis that has been found valid for the plastic clay in Drammen.
Effect of additional loading
The reduction in water content during delayed consolidation will clearly lead to a more stable configuration of the structure.
The number of contact points between clay particles will increase and in plastic clays the cohesive component of the shear strength will increase. This means that during delayed consolidation a cohesive clay will develop increased strength and a reserve resistance against further compression.
Such a clay can support an additional load in excess of the effective overburden pressure without any significant volume change produced by slippage of the contact points.
This means that for additional loads smaller than a certain critical value the clay will behave similarly to an overconsolidated clay and the instant settlements will be limited to an elastic compression.
In Fig. 14 this behaviour is illustrated by considering a clay layer located at a depth where the effective overburden pressure is 9,.
Imagine the clay layer to be 3000 years old and to have reached equilibrium at a void ratio e,, eopo being located on the 3000-year curve.
During the 3000 years of delayed consolidation, the shear strength, measured by vane tests for instance, increased from sd to s,. If the clay is subjected to an additional load, such as the weight of a building, the instant compression will be small provided the vertical stress does not exceed the critical pressure, ~5,. If the additional load is so large that the effective stress exceeds p,, it is only that part of the load exceeding p, that will lead to large instant settlements.
The reserve resistance against compression developed during delayed consolidation obviously increases with the reduction in void ratio, that is with time of sustained loading.
As the e-log p curves for different times are nearly parallel, the ratio p,/),, is approximately equal throughout a clay deposit, or in other words, the critical pressure developed during delayed compression increases linearly with the effective overburden pressure.
When it was stated above that the compression of the clay is small for additional loads up to p,, this referred only to the instant compression, i.e. the compression which occurs immediately the effective stresses are increased.
The instant compression, however, is followed by a delayed compression, the rate of which can be estimated directly from the vertical distance between the curves in the diagram. It increases very rapidly as the effective stresses approach p,, and in Fig. 14 a dotted line shows the magnitude of the total compression after thirty years.
If we take account of delayed compression we can talk about a 'field value' of the critical pressure which depends on the 5 The increase in shear strength resulting from delayed consolidation has previously been discussed by Taylor (1955 ), Osterman (1960 . Ladd (1964) , and Schmertmann (1965) .
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97 time of loading, in accordance with the corresponding value of the shear strength (Crawford, 1964) . If, for instance, the load acts for 3000 years, the additional compression will occur along the 3000-year curve, and the effect of the reserve resistance of the deposit will have vanished. The engineering significance of the $,-values developed in clays exhibiting delayed consolidation is thus limited to deposits whose 'age' is great compared with the lifetime of a building. The development of a reserve resistance against compression during delayed consolidation can be very easily demonstrated in the laboratory.
The first tests in which this effect was observed were carried out by Moretto (1946) . The most comprehensive study of this effect has been performed by Leonards and the results are published in various papers listed in the references.
In Fig. 16 , a plastic clay sample from Drammen was consolidated to 13 ton/sq. m and the load was applied for thirty days. Subsequently the sample was loaded in steps, each step lasting one day. The curve thus obtained shows that the sample had developed a critical pressure, PC, which for the selected rate of loading amounted to 16 ton/sq. m, 1.25 times the pressure at which the delayed consolidation took place.
In the above discussion, for the sake of clarity it was ignored that the voids of a clay are saturated with water and that the very slow rate at which this water can be squeezed out of the clay will govern the rate of change in volume upon application of a load. The hydrodynamic retardation is insignificant for the relatively low rate of volume change prevailing during delayed compression, but completely governs the rate of compression in the so-called 'instant compression. ' It is of practical importance to note that if the additional pressure is smaller than p,-p,, the pore pressure will dissipate relatively rapidly. In this range the instant compressibility is low and the total amount of pore water to be squeezed out during the period of consolidation is therefore relatively small. As the effective stresses exceed p,, the importance of the hydrodynamic time lag increases.
In Fig. 17 a system of curves is shown which illustrate in principle the type of settlement curves which can be expected for loads of various magnitudes relative to ~5,. These types of curve are well-known from consolidation tests when different values of Ap/p are used (Leonards and Girault, 1961) . Before leaving these rather general considerations one important conclusion should be drawn concerning settlement calculations. For this purpose we will consider the compression of a clay layer exhibiting delayed consolidation as represented by the system of curves in Fig. 18 . A perfect consolidation test will in the first place provide us with the value of the critical pressure, PO, and in the second place the inclination of the curves, i.e. the value C,. If the additional stress is A$, based on the results of the consolidation test we can compute two values of the compression, ct and E,, as shown in Fig. 18 . The computation of l t starts at the point (e,, p,,) and the total value of 09 is used. The starting point for computing Q is (e,,, $,) and only that part of 0~3 which exceeds p,-~5, is used. The significance of the two components is as follows : E, predicts the instant component of the settlement which occurs on increase of the effective stresses. The value of ci and the time required for the excess pore pressure to dissipate will therefore provide us with an initial theoretical point on the time-settlement curve, which does not include, however, the delayed compression occurring during the period of pore pressure dissipation.
et predicts the total additional" compression of the clay layers, including the instant as well as the delayed compression, and it represents the compression which can be expected at a time after the load has been applied equal to the time elapsed since the clay was loaded with its present overburden pressure. If the additional load A$ is smaller than PC --PO, et is valid at a time equal to the difference between the 'age' of the sediment and the equivalent time of sustained loading which corresponds to the point (e,, $,+Ap) on the diagram, but in practice this reduction in time is insignificant. The conclusion concerning calculation of settlements on normally-consolidated clays exhibiting delayed consolidation is believed to be of some practical importance.
Previously there has been no available means of estimating the delayed settlements following the period when dissipation of the excess pore pressures governed the rate of compression. The above finding permits us now to obtain some idea of the magnitude of the delayed consolidation provided we have an approximate estimate of the 'loading age' of the deposit.
Soil conditions south of the river in Drammen
The concepts presented above on the effect of delayed settlements on the compressibility of a normally-consolidated clay emerged from a detailed study of the soil conditions in an area south of the river in Drammen.
The soil conditions within this area are fairly uniform and, fortunately, in this area there are six buildings for which complete settlement records have been collected.
Because the settlement behaviour of these buildings deviated from any predictions based on conventional procedures, the soil conditions at each site have been studied in great detail. The results of these studies will be published in separate papers but in order to illustrate the importance of the above concepts on the settlement of buildings, a brief review of the findings will be presented here.
The soil conditions in the area are shown in Fig. 19 and consist of four different layers of soil. The upper layer is a 2.5 m thick deposit of fine sand, which is underlain by a silty clay having a thickness of about 2.5 m. Below the silt we find a 55 m thick deposit of the postglacial plastic clay with a high water content, and it is this clay layer that is of main interest in the present discussion as the greatest contribution to the settlements, about SO%, originates in this layer. The plastic clay has a content of organic matter of about 1% and its liquid limit ranges from 50 to 65%.
It belongs to the type of clay exhibiting a relatively large delayed consolidation.
The vane shear strength of the clay is about 2 ton/sq. m at the top of the deposit and increases with depth to a value of 3 ton/sq. m in the lower stratum. 
Typical results of consolidation tests on plastic clay and lean clay from Drammen for determination of p,
Below the plastic clay, we find a thin layer of sand separating it from an approximately 2&25 m thick deposit of a lean clay of low plasticity. The liquid limit of this clay ranges from 30 to 35%. At the boundary between the plastic clay and the lower clay the shear strength drops abruptly from 3 to 2 ton/sq. m. Throughout the lower clay the shear strength increases linearly with depth. At a depth of about 35 m below ground surface the lateglacial clay rests on soil layers which are probably of glacial origin, and what lies below this depth is of no interest in the present discussion. Figure 19 also shows the effective vertical overburden stress at each depth, the value of which is calculated from the total vertical stress and the pore pressures observed in piezometers. In the upper layers, the pore pressures increase hydrostatically, corresponding to a ground water level 1.30 m below the ground surface. At greater depths there is a small artesian pressure. It should be mentioned, however, that the resulting slow upward-flow of water has caused no significant reduction in the salt concentration of the pore water.
In our studies of the soil conditions in Drammen attention was focused on the determination of the critical pressure, the 9, value, observed in consolidation tests on undisturbed samples. In spite of the fact that the sampling and testing techniques used by the Institute were especially developed to handle soft and sensitive clays, the values that we obtained for the critical pressure scattered so much that they never provided a consistent picture of the properties of the clay in this respect (Kenney, 1966) . Consequently we decided to improve the technique. A new 9.5 cm thin-walled fixed-piston sample was used and special care was exercised in the sealing, handling, transport and storage of the samples. New equipment and procedures were developed for transferring the samples in as undisturbed a condition as possible from the sampling tube directly into the consolidometers (Clausen, 1966) . Application of these techniques to the clays in Drammen yielded much more consistent values of the critical pressure. For illustration purposes, typical results of consolidation tests carried out on samples of the plastic and the lean clays are presented in Fig. 20 . As seen from the figure, the value of PC is easily determined, being the pressure at which the consolidation curve shows a sharp bend.7 In Fig. 19 the critical pressures obtained from about 40 consolidation tests are plotted so that they can be compared directly with the effective overburden pressure.
See Casagrande (1936) and Casagrande and Fadum (1944).
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From a geological point of view, the clay deposit in Drammen is obviously normallyconsolidated. This fact is strongly confirmed by the general agreement between the critical pressures and the effective overburden pressure observed in the lower clay layer. In contrast, the critical pressure in the plastic clay is unquestionably greater than the present overburden. The test results are so consistent that it has been concluded (Clausen, 1966) that the critical pressure increases with the effective overburden pressure at a ratio of 1.6. The same value has been obtained at other locations, the ratio showing a tendency to decrease slightly with the depth at which the plastic clay is located. In the light of the concepts presented above, it seems logical to conclude from this finding that the reserve resistance against compression represented by the critical pressure is a result of the delayed consolidation which the plastic clay has undergone during the 3000 years it has supported the present overburden. In contrast, the lean clay, which is less cohesive and shows small delayed consolidation, possesses no measurable reserve resistance.
The studies of the critical pressure resulted in one more finding of some practical interest, namely that the critical pressure can also be determined quite reliably from the results of vane tests. As mentioned above, the ratio between the undrained shear strength and the effective overburden pressure is a characteristic constant for a given normally-consolidated clay, being primarily dependent on the plasticity index. The correlation between this characteristic ratio and the plasticity index as observed in Norwegian marine clays is shown in Fig. 5 . If we know the plasticity index of a clay and its undrained shear strength, from the correlation in Fig. 5 we can compute an 'equivalent critical pressure' for the clay (Bjerrum, 1964) . This has been done for the plastic clay in Drammen with the result shown on the effective-stress diagram in Fig. 19 scattering of the PC values determined from the vane tests. Taking into consideration the fact that a reliable determination of ~5, from consolidation tests on undisturbed samples is a demanding and time-consuming operation, it goes without saying that the use of the vane test for the same purpose has considerable practical and economical advantages. In Fig. 19 the compressibility of the clays expressed by the value of C,/l + e, obtained from consolidation tests is also shown. It can be seen directly from the diagram that the plastic clay is the most compressible clay layer in the profile, the value of C,/l +e, being about 0.30. Fortunately, the plastic clay is so uniform over a large area in Drammen that it has proved possible from the results of borings to derive the field relationship between the water content and the effective overburden pressure, from which the field value of C,/l +e, can be computed. Due to an increasing depth to rock, the plastic clay dips regularly towards the river and in the various borings available the plastic clay is found at depths varying from 4-21 metres, and as a result the field consolidation curve has been determined for a relatively wide range of overburden pressures. The field consolidation curve determined in this way is shown in Fig. 21 . The points from the individual borings determine a slightly curved line from which we can compute that the value of C,/l + e, in the field varies from 0.18 to 0.30, the lowest value being determined where the clay had the greatest overburden pressure. These values are similar to the values observed in consolidation tests on the most undisturbed samples, and for comparison the results of some consolidation tests are also shown schematically on Fig. 21 . We can thus conclude that for the plastic clay in Drammen at least the field e-log? curve, which includes about 3000 years of delayed consolidation, shows compressibilities similar to those observed in consolidation tests.
Settlement of six buildings
The soil conditions shown in Fig. 19 are representative of an area in Drammen within which six buildings have been constructed, for each of which comprehensive soil data and complete settlement records are available. The data for four of these buildings are given in Figs 23, 25,26 and 27, and their locations are shown on the map in Fig. 1 and on the photograph in Fig. 22 .
Skoger Sparebank, located near the river, is a IO-storey building whose central block measures 13.5 m x 28 m, see Figs 23 and 24. The building rests on a continuous concrete raft and the design of the foundation is such that the excavation for the basement compensates about 70% of the weight of the building, the average net load on the ground thereby being reduced to 3.0 ton/sq. m. The soil conditions are shown in Fig. 23 . Since the site is close to the river, the plastic clay is located deeper than in the profile described above, and the thickness of the sand blanket is correspondingly greater. From vane tests and consolidation tests it has been found that the plastic clay shows a critical pressure of about 1.5 times the effective overburden pressure. Fig. 23 also shows the additional vertical pressure at various depths resulting from the weight of the building. The stress distribution was computed on the assumption that the upper sand layer had a modulus of elasticity five times as large as that of the underlying clay layers. As seen from the pressure diagram, the resulting effective vertical pressure in the plastic clay is well below the critical pressure and on the average only 37% of the reserve resistance has been utilized. Today, five years after the completion of the building, the settlement amounts to 4 cm and the rate has already diminished to a fraction of one centimetre per year.
For the sake of comparison it can be mentioned that if the 35 metres of clay supporting this building had behaved as a recent normally-consolidated clay, the primary settlements would have been about 19 cm, of which 10 cm would have originated in the plastic clay. Konnerud gate 16,g Fig. 25 , is representative of four identical four-storey apartment blocks built between 1950 and 1956, and is located about 300 m from Skoger Sparebank. The soil conditions are the same as those shown in Fig. 19 and described in detail above. The building is founded on a continuous raft extending 1.5 m beyond the area of the building. Its total weight including 25% of the live load corresponds to an average pressure on the raft of 5.5 ton/sq. m. Excavation for the basement reduced the net pressure on the soil beneath the foundation to 4.0 ton/sq. m. Fig. 25 shows the additional vertical stress at various depths. In the plastic clay the resulting effective stress approaches the critical pressure and the average mobilization of reserve resistance against further compression is about 80%.
The settlement of Konnerud gate 16 is shown in Fig. 26 . The shape of the settlement curve plotted on a logarithmic time-diagram is such that one would expect the building to be in the middle of a period of pore pressure dissipation and that in a few years time it would 'turn the comer ' and embark on a period of delayed consolidation. Actually we have been expecting this to happen for several years and it was only recently, after developing the concepts presented above, that we realized that the interpretation was incorrect. The settlement curve for Konnerud gate is characterized by the fact that the 'instant settlement' is small and by far the greatest proportion of the settlement is the result of delayed consolidation occurring mainly in the plastic clay. The excess pore pressures dissipated very rapidly, probably within a couple of years of completion of the building. Piezometers installed in 1964 confirmed that the excess pore pressures had dissipated ten years after the load was applied. The settlements in the past years have thus occurred at constant effective stresses and can therefore only be explained by delayed consolidation of the plastic clay. The reason why they are so large is obviously that the effective stresses in the plastic clay approach the critical load. Today the total settlement of the building amounts to 35 cm. This settlement is larger than that generally accepted for buildings of this type but the differential settlement is as small as 10 cm and no damage has been caused to the building.
It is of interest to examine the large difference in settlement between Konnerud gate 16 and Skoger Sparebank, the ratio being as large as 10 to 1. A comparison of the stress conditions indicates that the net load on the soil and the stresses in the clay beneath the two buildings are not very different, those at Konnerud gate being four thirds of those at Skoger Sparebank. The properties of the clay layers on which they rest are almost identical and the only difference in soil conditions is that below Skoger Sparebank the plastic clay is found at a depth from 11-17 m compared with 4-10 m below Konnerud gate. The difference in settlements can only be comprehended when it is appreciated that the plastic clay has developed a reserve resistance against further settlements which increases proportionally with the effective overburden, being about 50% of p,. Under Skoger Sparebank the effective overburden in the plastic clay is large and consequently the reserve resistance is also large; only 37% is mobilized by the additional stresses resulting from the weight of the building. On the other hand below Konnerud gate the effective overburden in the plastic clay is low. This is reflected in the reserve resistance, which in this case is almost completely mobilized by the additional stresses. From the above concepts we know that the rate of delayed consolidation increases very rapidly as the effective stresses increase from PO to p,. It is this difference in degree of mobilization of the reserve resistance that explains why the settlements of Konnerud gate are about ten times greater than those of Skoger Sparebank.
About 300 metres from the apartment blocks in Konnerud gate, two buildings are located within 40 metres of each other, Turnhallen and Scheitlies gate 1. In this area the soil conditions are essentially similar to those at Konnerud gate, but the plastic clay is somewhat thicker and has a more gradual transition towards the upper and lower deposits. During the past 25 years, the settlement has plotted on a straight line on a logarithmic time scale, and since piezometers recently installed below the building indicate that all excess pore pressures have dissipated, this suggests that the settlements which have occurred over the past 25 years are due to delayed consolidation in the plastic clay. The settlement of the light section is considerably smaller, amounting at present to about 40 cm.
In Fig. 28 a comparison is made of all recorded settlements of buildings in the area. The buildings fall into two groups. The first group consists of Turnhallen and Scheitlies gate below which the plastic clay has a thickness of about 9 metres, and the second group includes all the other buildings studied, where the thickness is about 6.5 metres. The percentage of reserve resistance mobilized in the plastic clay is shown for each building. Before drawing any conclusion from this diagram, attention is drawn to the fact that the critical pressure used for this purpose is a laboratory value determined from consolidation tests during which the load was only sustained for a period of about a day. However, considering the degree of mobilization assigned to each building in Fig. 28 as an empirical value, it is obvious that this figure to a large extent governs the magnitude of the settlements and, in particular, the rate of the delayed consolidation. It may be too early to conclude how far it is advisable to go in the design of a new building, but for the plastic clay in Drammen it seems reasonable that, if more than 50% of the reserve resistance measured in consolidation tests is mobilized, the delayed consolidation will be larger than that normally desirable for conventional buildings.
It is clearly of some interest to compare the calculated settlements with the observed values. As demonstrated in Fig. 15 , a computation can be made of the total settlement l t, including the instant and the delayed contribution, which can be expected at a time after completion of the building equal to the time during which the clay has carried its present overburden. The calculated values of et for the buildings in Drammen will therefore tell us how large the additional settlements referred to the surroundings will be when the buildings are about 3000 years old. Fig. 29 shows the observed settlements of five buildings and their extrapolation to the computed values at an age of 3000 years (150 years for Scheitlies gate). These curves are believed to be relatively realistic. The first part of the curves is directly observed and, at LAURITS B JERRUM least for the plastic clay, which accounts for most of the settlement, the computation is based on the 'field consolidation curve. ' The curves in Fig. 29 are of considerable interest as they represent our first piece of information concerning the variation of the rate of delayed consolidation with time. Hitherto it has been assumed that the delayed settlements would continue along the straight line normally observed in the first 10-50 years after the dissipation of the excess pore pressure. The curves in Fig. 29 show that the settlements do not plot on a straight line, but follow a slightly bent curve that gradually approaches a horizontal line.
It is interesting to observe that the curves for all buildings in Fig. 29 gradually become more and more parallel with the passage of time. This means that with time, the rates of delayed consolidation are becoming equal. This finding is in agreement with the concepts presented above, according to which the rate of delayed consolidation is independent of the effective stress provided sufficient time has elapsed for the effect of the original loading conditions to disappear. It should furthermore be noticed from Fig. 29 that the effect of the reserve resistance of the plastic clay on the settlements is most pronounced during the initial period after completion of the buildings, that is, a short period compared to the 3000 years 'loading age' of the sediment. As the age of the building increases and approaches 3000 years the effect gradually disappears. The values of void ratio and effective stress in the clay below the buildings will eventually plot on a single e-log ~5 curve valid for a time of sustained loading equal to the age of the buildings.
DEVELOPMENT OF ADDITIONAL STRUCTURAL STRENGTH BY CHEMICAL BONDING
The development of reserve strength during delayed consolidation is important in areas like Drammen where the compressibility of the upper, rather plastic, postglacial clay governs the settlement of buildings. The majority of the Norwegian marine clays, however, do not belong to the type exhibiting pronounced delayed consolidation. A review of settlements observed on buildings and embankments (Bjerrum, 1964) indicates that normally-consolidated clays of medium or low plasticity under certain conditions have also experienced changes since their deposition which have resulted in a reduced compressibility. These changes will be discussed in this section under the heading 'development of additional structural strength by chemical bonding,' independent of their fundamental nature.
It is a well-documented fact that if a clay is allowed to stand for a certain time in a laboratory apparatus under unchanged stresses it will develop additional structural strength. The clay becomes more brittle and the resistance against deformations for small load increments increases with the age of the clay. There is good reason to believe that such a change in behaviour is the result of the development of cohesive bonds between the particles. Experimental evidence of the effect of aging of a clay can be found in papers by Moretto (1946), Leonards and Ramiah (1960) and Bjerrum and Lo (1963) . Experience is also available to indicate that the same type of phenomena can occur in the field (Terzaghi, 1941; Bjerrum and Wu, 1960; Keinonen, 1963) .
In our quest for an explanation of the nature of these cohesive bonds, we soon become aware of the fact that there are a variety of processes, covered by the term diagenesis, which with time produce inter-particle bonds in clays. Most of these processes, however, are associated with much more fundamental modifications or alteration of the clay minerals than can have occurred in the relatively young Norwegian clays. The only processes which are believed to have any influence on the Norwegian clays are : (a) cold-welding of mineral contact points between particles ; (b) exchange of cations ; (c) precipitation of cementing agents.
The cold-welding, leading to inter-particle van der Waal forces, probably exists in all clays SEVENTH RANKINE LECTURE 109 and these forces may explain why the water content of a quick clay remains practically unchanged during leaching. Cold-welding in Norwegian clays is believed to be so weak, however, that its effect on the compressibility for additional loading is insignificant.
Exchange of cations
The second process, the exchange of cations, is believed to be by far the most important for Norwegian clays and it will therefore be discussed in some detail.
As mentioned above, the clay particles are in general of a flake-type shape of lattice minerals of various types. The most common clay minerals present in Norwegian clays are hydrous mica and chlorite.
Mineral crystals of most common clay minerals possess a net negative electric charge. These charges are balanced by cations on the surface of the minerals and since the cations can be readily exchanged with other cations, they are termed exchangeable ions.12 In marine clays, the clay particles were initially saturated with sodium cations. If, however, the type and relative concentration of cations in the pore water changes, the ions on the surface of the clay particles will exchange with the ions of the solution.
It can be easily demonstrated that the geotechnical properties of a clay can be radically modified by exchange of the cations attached to the surface of the particles, an exchange bringing about changes in plasticity, shear strength and compressibility. Table 1 contains a list of the types of cations which exist in Norwegian marine clays, or which may be produced as a result of disintegration of the minerals and other constituents. The table also shows the effect of exchange of the different ions on the properties of a typical Norwegian clay. A remoulded clay was saturated with the different ions in turn and the corresponding plasticity indices were determined for each ion. In addition, the undrained shear strength was determined at a water content about equal to the natural water content of the clay. The values obtained in these tests show clearly that, when the type of cation change follows the order shown in the table, the plasticity and the shear strength will increase and the compressibility will decrease. Any ion-exchange leading to a development of structural strength of a marine clay requires that the relative concentration of one or more of the cations of higher order than the Na+ ion be increased compared to that of seawater.
Such a change can only take place as a result of some type of disintegration of either the minerals or of the remaining constituents of the clay. The development of structural strength in clay is Ia For a more detailed discussion, see for instance Lambe (1960) and Van Olphen (1963) .
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therefore dependent on a change in environmental conditions capable of producing the types of disintegration listed in Table 1 . The basic factor governing the chemical stability of minerals in clay is the pH value of the porewater; any change reducing the pH value of the porewater will increase the rate of disintegration of the minerals, and vice-versa.
The geological and topographic conditions in Norway are such that as soon as a clay deposit rises above seawater level it will in almost all cases be subjected to a slow exchange of the original porewater by percolating rainwater.
As described above, this will lead to a gradual removal of the Na+ ions. This in itself has no great effect on the pH value, but rainwater contains dissolved 0, and CO,. CO, lowers the pH of the porewater and the O2 coming into contact with organic matter forms humic acids which also reduce the pH-value.
If this slow but persistent process advances to such an extent that the pH is reduced to a sufficiently low value, then a disintegration of felspar, mica and chlorite will commence. The disintegration results in liberation of cations of higher order than Na+ which collect on the surface of the clay particles.
The effect of this base-exchange is to raise the plasticity of the clay and additional strength is developed. The disintegration also causes the liberation of other chemical compounds which tend to increase the pH and thereby prevent the process. The development of structural strength by exchange of Na+ ions by ions of higher order thus requires a continuous supply of pH-reducing agents to the clay.
It is well beyond the scope of this lecture to discuss in detail the various types of ions involved in this process.13 To keep the discussion simple, attention will be focused on the K+ ions liberated from the mineral lattice of felspar and mica, two minerals which exist in all Norwegian clays. The K+ ions are believed to be the dominant ones in the early phase of this process and therefore they, more than the other types of ions in Table 1 , govern the development of additional structural strength in the relatively young Norwegian clays.
The effect of base-exchange, resulting from the type of weathering described, is illustrated in Fig. 30 , which shows soil conditions typical of Norway (Mourn and Rosenqvist, 1955) . Since the normally-consolidated clay deposit in Fig. 30 rose above seawater level, the upper two to three metres of clay have been subjected to drying and the result is a reduction in water content and an increase in shear strength.
Below the drying crust there is a zone of clay extending to a depth of 6 to 7 metres and, though showing no reduction in water content, it has developed additional strength due to weathering.
In this case, base-exchange is promoted by the seepage of rainwater through the clay from the surface and consequently the weathering effect diminishes with depth. That the increase in shear strength is the result of base-exchange is verified by measurements of the type of adsorbed ions on the clay. The results of these measurements are shown in the plot of the ratio K+/Na+ in Fig. 30 . This ratio expresses the proportion of the Na + ions that have been exchanged by K+ ions (the original value in the freshly-deposited clay being about O-20) , and is thus a measure of how far the base-exchange process has proceeded. As observed from Fig. 30 , the K+/Na+ ratio is low in the drying crust where the K+ ions have been absorbed by vegetation.
Just below the drying crust the ratio is about 1, and it decreases gradually with depth to the value of 0.20, typical for the unaltered clay at 6 to 7 metres. The undrained shear strength is used to measure the effect of base-exchange on the geotechnical properties of the clay in Fig. 30 . In the diagram the observed shear strengths of the clay are compared with the values that the clay is assumed to have had before the weathering process started.
As can be seen, there is a correlation between increase in shear strength and increase in the K+/Na+ ratio.
Figure 31 (a) shows in principle how the compressibility of a normally-consolidated clay is altered as the result of a base-exchange in which Na+ ions are replaced by ions of a higher order. As the plasticity and the shear strength increase, the clay develops an increased I3 For a detailed discussion. see 1959) , Mourn and Rosenqvist (1957 and LAURITS BJERRUM resistance against' deformation from additional loading. The clay has developed a critical pressure, PC, and provided the additional load does not exceed this value the compression will be small. If the additional load is exceeded, the clay will consolidate along a new e-log p curve corresponding to the increased plasticity of the clay. Figure 31 (b) shows an experimental example of the effect of a base-exchange on the compressibility.
A sample of the lower lean clay in Drammen was consolidated at a pressure exceeding the previous overburden, and was then permeated with a water rich in KC ions. When the K+/Na+ ratio had increased from 0.21 to 34.2 the sample was loaded in small steps. As observed from Fig. 31(b) , the clay had developed a critical load of 56 ton/sq. m compared with the 36 ton/sq. m at which the sample was consolidated.
The base-exchange has not only resulted in the development of a critical pressure, but the e-log J!J curve representing the compressibility of the clay for loads exceeding p, has shifted as a result of the increased activity of the clay.
North of the river in Drammen there are, as mentioned above, large areas where the clays have been leached as a result of an artesian ground-water condition.
Within this area there are zones of quick clay where the conditions for some reason are such that disintegration of the clay has occurred and the clay has developed additional structural strength.
An example of this phenomenon and its effect on the settlement of a building is shown in Fig. 32 . The apartment block Engene 86,14 was built in 1957 (Bjerrum, 1964) . The soil conditions are characterized by the presence of a 4.5 m thick very stiff crust of dried and weathered clay below which is found a 10 m thick layer of quick clay overlaying rock. Consolidation tests on the quick clay indicate a critical pressure greater than the present overburden, the difference being appreciable just below the upper crust, but decreasing to an insignificant value just above rock. Correspondingly, the undrained shear strength has increased in comparison with the values observed in unaltered quick clays of the same type. Since the lowest part of the quick clay is very nearly normally consolidated, the additional strength of the quick clay must be the result of chemical changes producing base-exchange. This theory is confirmed by the values of the K+/Na+ ratio measured on samples from various depths and listed in Fig. 32 .
The effect of base-exchange on the compressibility is directly observed from the settlement of the building. The building has a foundation of strip footings and the average net pressure on the ground is 2.7 ton/sq. m. The settlement is only 3 cm. The small settlement is clearly due to the fact that the additional stresses in the quick clay are smaller than the critical pressure. For comparison it can be mentioned that if the quick clay had not been altered by weathering, the settlements would have been of the order of 20 cm.
It was mentioned above that the general geological setting in Norway is such that the marine clays are subjected to a slow flow of freshwater which gradually leaches out the salt in the porewater and transforms the clay to a quick clay. If this geological factor were the only one acting, an increasing number of landslides and a general aggravation of the foundation conditions in Norway could be expected in the future. It is very comforting to know that, at least in some places, the leaching process is accompanied by a base-exchange process which tends to change the clay in the opposite direction, and which after a clay has become quick will gradually lead to the development of additional strength.
Precipitation of cementing agents
The third process leading to the development of additional strength of a clay is precipitation of cementing agents. The effect of such a precipitation is principally limited to a strengthening of the links of the clay structure, the clay itself not otherwise being affected. I* Consulting engineer was Mr J, Harbitz, Drammen.
Geotechnical adviser was the Norwegian Geotechnical Institute. We know that in many clays there exist considerable quantities of soluble chemical agents such as organic matter, carbonates, gypsum, aluminium and iron compounds which under certain conditions could precipitate and form chemically stable cements, crystalline or gels, possessing considerable strength. It should be admitted straight away, however, that it has never been possible to prove the existence of cementation bonds in Norwegian clays, which means that they are either only very weakly cemented or not cemented at all. Studies of a Swedish clay from the Gijta valley led to the conclusion that its strength and compressibility were influenced by some type of cementation of the clay (Bjerrum and Wu, 1960) .
In the eastern part of Canada late-glacial and post-glacial clays can be found which have many similarities with Norwegian clays. Their mineralogy, plasticity and water contents are about the same, and their sensitivity is as high as that observed in Norwegian clays. The shear strength of the Canadian clays is, however, considerably greater than that of the comparable Norwegian clays. A detailed study of a quick clay from Labrador carried out by Kenney (1967) clearly showed that the difference in strength of the Norwegian and this particular Canadian quick clay could be explained by the cemented structure of the Labrador clay. The details of the tests carried out with Labrador clay will be described in a paper by Kenney, but in order to include this geological factor in the present lecture some of his findings will be briefly described.
Two samples of the Labrador clay were placed in consolidometers and loaded to a pressure well below the critical load. Both samples were then subjected to a slow flow of liquid. One sample, the neutral sample, was permeated with liquid of the same salt concentration as that of the porewater. The second sample was permeated with a chemical named EDTA (a disodium salt of ethylene-diamine-tetra-acidic acid). EDTA dissolves carbonates, gypsum and iron compounds, the type of materials which can act as cementing agents, but for short (Kenney, 1967) periods of treatment it is incapable of altering the minerals.
The treatment lasted for 38 days and the EDTA was then removed by 34 days of saltwater treatment using the same concentration as the original porewater.
The two samples were finally loaded in small steps. The results of the tests were plotted in a conventional e-log p diagram on Fig. 33(b) .
The untreated sample showed a critical pressure of 60 ton/sq. m. While the sample from which the cementing agents had been removed showed a critical pressure of only 24 ton/sq. m. From these tests we can therefore draw the conclusion that, since its deposition, the Labrador clay has developed a very considerable additional resistance against deformation, a major part of which is the result of cementation.
Chemical analysis of the water permeating the sample showed that the cementing agent in this clay consisted mainly of iron compounds.
CONCLUSION
A review of the past fifteen years work on the soft Norwegian clays shows that we have progressed from an initial period of uncertainty and incompetence to a stage at which we are gradually reaching a better understanding of the properties of our clay deposits, and thus are developing an improved ability to take into account the factors responsible for the previous discrepancies between theory and practice.
This progress is almost exclusively due to three factors.
First, careful measurements of the behaviour of buildings have provided an invaluable collection of data to guide us both in research and in our work as consultants on new founda-
tions. It is against these observations that we have tested our methods, and the ultimate aim of all new developments has been to bridge the gap between prediction and observation. Second, improvement of the technique of taking, handling and testing soil samples has increased our possibility of discovering the true properties of our clays. In areas of soft clay such as Norway the use of conventional techniques in soil exploration provides too pessimistic an assessment of the soil conditions, and it is therefore a worthwhile investment to use the most up-to-date methods even on everyday consulting jobs. It was only by the development of these new techniques that we were able to obtain so consistent a picture of the reserve resistance of the clays in Drammen that we dared to take this factor into account in the design of foundations,
The third factor that has greatly contributed to a better understanding of the behaviour of soils is the incorporation of engineering geology into our way of thinking.
If by engineering geology we mean the study of all geological factors and processes of importance for the engineering properties of soils and rock, then it is this field which in recent years has most contributed to irradicate the discrepancy between theoretical predictions and actual behaviour of soils in nature.
VOTE OF THANKS
The Chairman invited Dr N. E. Simons to propose a vote of thanks to the lecturer. DR SIMONS said that in 1964 Dr Bjerrum, when proposing the vote of thanks to the Fourth Rankine Lecturer, remarked that each Rankine Lecture had formed a milestone which measured the progress made in their fascinating discipline. This evening Dr Bjerrum in turn had guided them past a further milestone, and had introduced new concepts into the field of settlement analysis, a topic, incidentally, which had not been discussed in any previous Lecture.
Over the past 15 to 20 years, Dr Bjerrum had made significant contributions to soil mechanics, covering most aspects of the subject. In particular, his exceptional work on the shear strength of soils, the stability of slopes, foundation engineering, and the application of the principle of effective stress to the solution of civil engineering problems, was well known to all of them. Throughout his work, he had preferred, where possible, to support his theoretical and laboratory research by the results of reliable field measurements, and that had been the case this evening. Dr Bjerrum had indicated the importance of obtaining accurate measurements of the settlements of structures, coupled with an extensive programme of field and laboratory work. Over the past few years there had been a tendency to concentrate research efforts into compressibility, more on laboratory and theoretical investigations, and rather less on fieldwork. It was, perhaps, not an exaggeration to say that many of the advances presented in this Seventh Rankine Lecture would not have been possible without the extensive field investigations and settlement observations which Dr Bjerrum had initiated in Norway. It might be mentioned, in passing, that even the settlements of structures founded on steel piles driven to hard rock, where extremely small settlements would be expected, had been taken in Oslo. Dr Simons hoped that the lecture would act as a stimulus to engineers throughout the world to follow Dr Bjerrum's example, so that a picture of the field behaviour of different types of foundations on a variety of soils could be built up.
He was particularly pleased to note the emphasis which Dr Bjerrum had placed on the taking, handling and testing of soil samples. The success with which he and his colleagues had solved this problem for the extremely sensitive Norwegian clays should spur them on to better procedures. Even now, the majority of so-called undisturbed clay samples recovered in the United Kingdom were obtained by driving an extremely crude tool into the bottom of LAURITS B JERRUM a borehole, which was often taken down by rather rough methods. The only possible advantages of this system were initial economy and simplicity, coupled with the fact that the taking of samples in this way so disturbed the soil structure that any subsequent harsh treatment during transport, handling and testing in the laboratory was not likely to affect further the laboratory measurements made! Dr Bjerrum had shown not only that refined techniques were necessary in order to obtain realistic data on soil behaviour, but also that the saving to the client resulting from a more accurate and reliable foundation analysis could be many times more than the extra expense involved in more sophisticated sampling, handling and testing methods. Dr Bjerrum's concept of 'instant' and 'delayed' compression, as opposed to 'primary' and 'secondary' consolidation, was logical, and directed attention to the fact that in the field appreciable deformation might occur due to delayed compression during the period necessary for pore pressure dissipation. Further work following this approach might provide at least part of the solution to the problem posed by observed field rates of settlement of structures being invariably much faster than those which could be predicted from simple consolidation theory.
It was known from the results of laboratory consolidation tests that the settlement observed after pore pressure dissipation was influenced, firstly, by the load increment ratioi.e. the ratio of the applied loading increment to the existing equilibrium load-and, secondly, by the ratio of the effective vertical stress to the effective horizontal stress adopted in the testing procedure. Both those ratios varied with depth and location below a foundation, and it would appear, therefore, that a more refined settlement analysis for a structure would have to take these effects into consideration.
The fact, discussed by Dr Bjerrum, that many clays exhibited a critical pressure greater than the effective overburden pressure would certainly affect the settlements which would develop. He had mentioned the difficulties which arose when efforts were made to measure accurately the critical pressure, and it was important to note that reliable measurements were only obtained using extremely high standards of sampling, handling and testing. Factors which might also influence the determination of the critical pressure would be an inevitable slight disturbance due to sampling, stress changes during sampling, the actual loading technique followed in the oedometer, for example the load increment ratio, and side friction in the standard oedometer. It was clear that future work on settlement analysis must take into account the existence of a critical pressure, and that could mean further developments in laboratory apparatus.
Following the publication of the lecture, the small town of Drammen would be as well known throughout the civil engineering world for its settlement problems as Mexico City.
It should be pointed out that only a short time ago Dr Bjerrum had delivered the third Terzaghi lecture in the United States, and it was, therefore, particularly gratifying that he had accepted the onerous task of delivering the Seventh Rankine Lecture that evening. He wished to take the opportunity of expressing his own personal gratitude to Dr Bjerrum for the four stimulating and instructive years that he spent with him at the Norwegian Geotechnical Institute, where he had come to appreciate Dr Bjerrum not only as a master of the subject but also as a very good friend indeed.
The new concepts which had been introduced this evening had significantly advanced their knowledge of settlement analysis, and once again Dr Bjerrum's perception, imagination and enthusiasm had left their mark on the development of soil mechanics.
It gave him great pleasure indeed to propose a vote of thanks to the President of the International Society of Soil Mechanics and Foundation Engineering, Dr Laurits Bjerrum, for his outstanding Seventh Rankine Lecture.
The vote of thanks was accorded with acclamation.
